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Electrolyte is very critical to the performance of the high-voltage
lithium (Li) metal battery (LMB), which is one of the most attrac-
tive candidates for the next-generation high-density energy-
storage systems. Electrolyte formulation and structure determine
the physical properties of the electrolytes and their interfacial
chemistries on the electrode surfaces. Localized high-concentration
electrolytes (LHCEs) outperform state-of-the-art carbonate electro-
lytes in many aspects in LMBs due to their unique solvation struc-
tures. Types of fluorinated cosolvents used in LHCEs are investigated
here in searching for the most suitable diluent for high-concentration
electrolytes (HCEs). Nonsolvating solvents (including fluorinated
ethers, fluorinated borate, and fluorinated orthoformate) added in
HCEs enable the formation of LHCEs with high-concentration sol-
vation structures. However, low-solvating fluorinated carbonate
will coordinate with Li* ions and form a second solvation shell or
a pseudo-LHCE which diminishes the benefits of LHCE. In addition,
it is evident that the diluent has significant influence on the elec-
trode/electrolyte interphases (EEls) beyond retaining the high-
concentration solvation structures. Diluent molecules surrounding
the high-concentration clusters could accelerate or decelerate the
anion decomposition through coparticipation of diluent decompo-
sition in the EEI formation. The varied interphase features lead to
significantly different battery performance. This study points out
the importance of diluents and their synergetic effects with the
conductive salt and the solvating solvent in designing LHCEs.
These systematic comparisons and fundamental insights into
LHCEs using different types of fluorinated solvents can guide fur-
ther development of advanced electrolytes for high-voltage LMBs.
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fter decades of dormancy since the emergence of lithium

(Li)-ion batteries (LIBs) in the early 1990s, Li metal bat-
teries (LMBs) have been revitalized in recent years as one of the
most promising electrochemical energy storage systems because
of their high energy densities (1-3). Nevertheless, the renais-
sance of Li metal anodes (LMAs) used in LMBs is still con-
strained by two critical obstacles: low coulombic efficiency (CE)
and high surface Li growth over cycling. In this regard, the
electrolyte has been increasingly recognized as one of the most
critical components in stabilizing LMAs and regulating Li de-
position and growth because it determines the nature of the solid
electrolyte interphase (SEI) on LMAs (4, 5). The state-of-the-art
(SOA) LiPFg/carbonate electrolytes tailored to LIB chemistries
have demonstrated good ionic conductivity, electrochemical
stability, and favorable SEI properties on graphite anodes (6).
Although the overarching design goals of an ideal electrolyte
remain the same from LIBs to LMBs, Li metal, with an elec-
trochemical potential of —3.040 V vs. the standard hydrogen
electrode, is very reactive to the SOA carbonate electrolytes and
leads to severe LMA corrosion and electrolyte depletion. It also
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results in uncontrolled Li dendrite growth and greater safety
risks for practical applications (5, 7). To this end, electrolytes
beyond SOA carbonate electrolytes are essential to enable
longer cycle and calendar lives and higher safety of LMBs. Al-
though ethers are known to be more stable with the LMA than
the carbonate solvents, their intrinsic instability against oxidation
in regular dilute electrolytes has long hindered their applications
beyond 4.0 V vs. Li/Li*. However, long cycling stability was re-
cently reported in Li||LiNi;;3Mn;,3Co/30, (NMC111) cells with
a charge cutoff voltage of 4.3 V, where an ether-based highly
concentrated electrolyte (HCE) was used (8). The HCE of
lithium bis(fluorosulfonyl)imide (LiFSI) in 1,2-dimethoxyethane
(DME) at a molar ratio of LIFSEDME = 1:1.2 could greatly
enhance the stability of LMBs with a Ni-rich LiNiggMng ;.
Coy.10, (NMC811) cathode at 4.4 and 4.5 V, even under prac-
tical conditions (9). In this HCE, the absence of free DME
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molecules alters the solvation structures of Li* and leads to a
salt-derived SEI on the LMA and a stable cathode electrolyte
interphase (CEI) on the high-voltage cathode. These stable SEI/
CEI layers act as kinetic barriers between the electrolyte and the
electrodes and thereby limit the continuous side reactions on
both LMA and high-voltage cathode during repeated cycling (9).
Yamada’s group also reported superconcentrated LiFSI/di-
methyl carbonate (DMC) electrolytes for high-voltage (5 V)
graphite||LiNip sMn; 50, batteries with good cycling durability
and rate capability together with enhanced safety (10).

To further advance HCEs, localized high-concentration elec-
trolytes (LHCEs) have been developed by introducing non-
solvating or low-solvating solvents (also called diluents) into
HCEs (9, 11-13). The LHCESs not only preserve the favorable
solvation structures (highly concentrated coordination clusters)
in HCEs but also significantly reduce the overall salt concen-
tration in the electrolyte, which is beneficial for lowering the
electrolyte viscosity and cost as well as improving the electrolyte
wettability on electrodes and separator. Our group previously
investigated the effects of a series of model electrolyte solvents
(carbonate, sulfone, phosphate, and ether) for LHCEs and
revealed the intrinsic synergistic effects between the salt and the
solvent when they coexist on electrode surfaces (14). In this
work, we will move to another important component in LHCE,
which is diluent. The requirements of a diluent have been given
in our previous work (11) and summarized in a review article
about HCEs by Yamada et al. (15), which include low viscosity,
sufficient electrochemical stability, appropriate permittivity, and
coordination property (11, 15). Several hydrofluoroethers (HFEs)
that meet the above requirements have been introduced as diluents
in different HCEs that are based on different conductive salts and
solvating solvents, including bis(2,2,2-trifluoroethyl) ether (BTFE)
(11, 13, 16-19), 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether
(TTE) (9, 12), 1H,1H,5H-octafluoropentyl 1,1,2,2-tetrafluoroethyl
ether, and 2,2,2-trifluoroethyl 1,1,2,2-tetrafluoroethyl ether (20).
The formulated LHCEs successfully improve the cell perfor-
mance of different battery chemistries, which are mainly enabled
by the densely deposited Li underneath the favorable salt-derived
SEI chemistry. To reveal the fundamental mechanism behind the
merits of using diluents in LHCEs, here we carry out systematic
studies on the diluents of the known HFEs (including BTFE and
TTE as representatives) and beyond including fluorinated carbonate
[bis(2,2,2-trifluoroethyl) carbonate (BTFEC)], fluorinated borate
[tri(2,2,2-trifluoroethyl) borate (TFEB)], and fluorinated ortho-
formate [Tris(2,2,2-trifluoroethyl) orthoformate (TFEO)]. The
molecular structures are given in SI Appendix, Fig. S1. Post-
mortem analyses and theoretical simulations are performed to
understand the underlying mechanisms for the varied behaviors
in the LHCEs based on different types of diluents. It is evident
that the diluent has significant influence on the electrode/electrolyte
interphases beyond retaining the high-concentration solvation struc-
tures. The high concentration of salt anions present in the primary
Li* solvation sheath is not the only key point in LHCEs. The diluent
molecules surrounding the high-concentration clusters could accel-
erate or decelerate the anion decomposition through coparticipation
of diluent decomposition in the SEI formation. Chemistry of a dif-
ferent nature is also found in the CEI formed in different diluents-
based LHCEs. The varied interphase features eventually lead to
significantly different levels of battery performance. This study points
out the importance of diluents and their synergetic effects with the
conductive salt and the solvating solvent in designing LHCEs. These
systematic comparisons and fundamental insights into LHCEs that
are based on different types of diluents can guide further develop-
ment of advanced electrolytes for high-voltage LMB:s.

Results and Discussion

Table 1 lists the key physical properties of the five fluorinated
solvents (indicated by D). These solvents are poor in dissolving
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LiFSI salt but are highly miscible with the HCE (LiFSI in DME
at a molar ratio of 1:1.2 or 1:1.4), so they work as diluents for the
HCE. In all these diluents, the highest occupied molecular or-
bital (HOMO) energy values are lower than that of the DME
solvent (HOMO of —7.19 eV) because the diluents have strong
electron-withdrawing CF; or CF, groups, which indicates they
have a higher theoretical oxidative stability than the DME sol-
vent. The lowest unoccupied molecular orbital (LUMO) energy
values of these diluents are lower than that of the DME solvent
(—0.18 eV), indicating they can be reduced earlier than DME
and can participate in the SEI formation on the anode. Table 1
also provides the key physical properties of the corresponding
LHCE:s (indicated by E) based on these diluents (at the molar
ratio of LiFSI:DME:diluent = 1:1.2:3 for all diluents except for
TFEB; when diluent is TFEB, LiFS:DME:TFEB is 1:1.4:3). The
LHCE:s have an overall salt concentration between 1.65 and 1.06
M, varying according to the diluent. Because the molar ratio of
LiFSI, DME, and diluent is fixed, a diluent with a higher mo-
lecular weight will yield a lower salt concentration in the corre-
sponding LHCE. This overall salt concentration determines the
ionic conductivity of the electrolyte, in which the Li* ions are
conducted by hopping within the salt-solvent clusters and cluster/
carrier (solvation shell) diffusion in the LHCEs, and a higher salt
concentration leads to a higher ionic conductivity of the LHCE.
At room temperature (25 °C), the ionic conductivities of these
electrolytes are between 4.88 and 1.61 mS cm™'. Similar elec-
trolyte densities (between 1.39 and 1.48 g mL™") and much lower
viscosities (between 2.86 and 4.92 cP at 25 °C) than that of HCE
(49.2 cP at 30 °C) (21) are obtained in all these LHCEs.

Ab initio molecular dynamics (AIMD) simulations were per-
formed to investigate the effects of different fluorinated solvents
on the solvation structures (microscopic structures) of the HCE
and the five LHCEs. The molecular structures of the electrolyte
components are shown in ST Appendix, Fig. S1, and snapshots of
the HCE and five LHCE structures from AIMD simulations are
shown in Fig. 1 A-F. Clearly, the LiFSI salt is uniformly dis-
tributed throughout the DME solvent in the HCE. However,
high-salt concentration clusters (aggregations) can be seen in
Fig. 1 B, C, E, and F with BTFE, TTE, TFEB, and TFEO as diluents
in LHCEs, respectively, while much isolated LiFSI is present in the
LHCE with BTFEC as diluent, as shown in Fig. 1D. Diluents BTFE,
TTE, TFEB, and TFEO evidently preserve the favorable charac-
teristics of HCE (LiFSI-1.2DME), while BTFEC damages the HCE
solvation structure to a certain extent. To simplify the electrolyte
solvation structures, schematics of HCE and LHCEs are shown in S/
Appendix, Fig. S2; also, the radial distribution schemes between Li
and O atoms in DME solvent, the FSI™ anion, and diluents based
on the AIMD simulation trajectories are exhibited in Fig. 1 G-K
and summarized in Fig. 1L. Two sharp peaks at 2 A in all LHCEs
(Fig. 1 G-K) are identified as Li-O in DME (ODME; S for solvent
in Fig. 1L) and Li-O in FSI" (OFSI; A for anion in Fig. 1L).

This indicates that all Li* ions are surrounded by DME sol-
vent molecules and FSI™ anions in the first coordination shell
(marked as dashed circle in Fig. 1L). This is a result of the strong
attractive interaction between Lit and DME/FSI™. Meanwhile,
O atoms in diluent molecules of BTFE (D1), TTE (D2), TFEB
(D4), and TFEO (D5) are found to be barely coordinated with
Li* in these LHCEs (Fig. 1 G, H, J, and K). This demonstrates
that these four diluents are outside of the localized high-concentration
LiFSI/DME pairs or clusters, as marked in Fig. 1L. BTFEC

D3), an exception, shows two additional peaks at ~3.25 and 3.75

(Fig. 11), which are related to Li-O in BTFEC, suggesting that
BTFEC also participates in Li* coordination, although it is not
in the first solvation shell of the Li* ion. A second solvation shell
exists in this electrolyte (marked as dash-dotted line in Fig. 1L).
As a result, use of BTFEC weakens the solvation structure of the
HCE, which decreases the coordination number of the DME and
FSI™ in the first shell from 4 in the other LHCE systems
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Table 1. Physical properties of the investigated diluents and their corresponding LHCEs
Diluent BTFE (D1) TTE (D2) BTFEC (D3) TFEB (D4) TFEO (D5)
D, molecular weight/g mol™ 182.06 232.07 226.07 307.91 310.11
D, boiling point/°C 62 to 63 93.2 117 to 118 120 to 123 144 to 146
D, flash point/°C 1 27.5 N/A 43 60

D, density/g mL™" 14 1.53 1.51 1.43 1.46
D, viscosity at 25 °C/cP 0.7 1.43 1.69 1.18 1.97

D, fluorine:hydrogen ratio 1.5 2 1.5 1.5 1.5

D, HOMO/eV -8.76 -9.31 -9.28 -9.27 -8.84
D, LUMO/eV -0.5 -0.5 -0.6 -0.47 -0.4

E, salt concentration/M 1.65 1.49 1.49 1.17 1.15

E, density/g mL™" 1.39 1.48 1.45 1.43 1.41

E, viscosity at 25 °C/cP 2.86 4.92 4.06 2.84 4.86

E, conductivity at 25 °C/mS cm™! 4.88 2.44 2.64 1.88 1.61

D refers to diluent, E refers to corresponding LHCE, and the HOMO and LUMO values were calculated for the

pure fluorinated solvents.

(SI Appendix, Fig. S3 A, B, D, and E) to 1.5 (SI Appendix, Fig.
S3C). Therefore, free DME molecules that are not closely
coordinated with Li* still exist in this BTFEC-based LHCE,
making it a pseudo-LHCE. From the solvation structure point of view,
the noncoordinating diluent molecules, including BTFE, TTE, TFEB,
and TFEOQ, are good diluent candidates for the LHCE, while the low-
coordination diluent BTFEC is not a good diluent.

Beyond the physical properties of the LHCEs based on dif-
ferent diluents, the influences of diluents on the LMA and the
battery performance are significant. Because LHCEs have dif-
ferent solvation structures as described above, the conduction
band minimum (CBM) varies in different LHCEs. As shown in
projected density of states (PDOS) plots (SI Appendix, Fig.
S4 A-E), the CBM in the BTFEC-based LHCE is on BTFEC
while the CBMs in the other LHCEs are on the FSI™ anion,
implying that the FSI™ anions are predominantly reduced in all
LHCEs except for BTFEC-LHCE. This predominant FSI™ de-
composition leads to LiFSI-derived SEI formation and has
strong effects on Li deposition. Fig. 2 shows scanning electron
microscopy (SEM) morphologies of the deposited Li (1 mAh cm™
Li deposited on a copper [Cu] substrate at a current density of
0.5 mA cm™?) in the studied LHCEs as well as the SOA electrolyte
(1 M LiPFg in EC-EMC [3:7 by wt.] + 2 wt. % vinylene carbonate).
Unlike the severe Li dendrite formation in the SOA electrolyte
(Fig. 24), much larger Li particles are found in all the LHCEs with
varied details (Fig. 2 B—F). In the BTFEC-LHCE (Fig. 2D), the size
of deposited Li is not uniform, and certain small particles (close to
dendrite morphology) grow along with the large particles. In TFEB-
LHCE (Fig. 2E), apparent defects are observed on the large
granular particles. The desired Li morphologies are seen in the
LHCE:s with BTFE, TTE, or TFEO as diluent; the deposited Li in
these electrolytes are large and smooth (Fig. 2 B, C, and F). The Li
deposition morphologies greatly influence the Li CEs. As shown in
Fig. 34, the SOA electrolyte yields a low average CE of 89.8% as a
result of dendrite formation and severe side reactions with Li metal.
In the LHCESs, much better CE is attributed to the large size of the
Li deposited on Cu. In particular, very high CEs of 99.4, 99.5, and
99.5% are obtained in three LHCEs with diluents of BTFE, TTE,
and TFEO, respectively.

When a Li anode was paired with a high-voltage, Ni-rich NMC811
cathode as Li|[NMC811 batteries to produce a high-energy-density
battery, the cell performance is shown in Fig. 3 C-E. A somewhat
high specific capacity of 217 mAh g' is obtained in the SOA
electrolyte in the first cycle for formation at C/10 (Fig. 3C),
followed by LHCE-BTFE at 211 mAh g™" and the rest of the
LHCEs at ~200 mAh g~'. For the first cycle at C/3 after forma-
tion cycles, the same trend is observed with a specific capacity
of 210 mAh g™* for SOA, 206 mAh g™ for LHCE-BTFE, and
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~200 mAh g~! for the other LHCEs. A small overpotential dif-
ference of ~0.05 V is observed in the cells using these electrolytes,
in the order of SOA < LHCE-BTFE < LHCE-BTFEC ~ LHCE-
TTE < LHCE-TFEB < LHCE-TFEO. This is closely related to the
electrolyte conductivity shown in Table 1 because of the overall salt
concentration difference among the LHCEs at the same LiFSI/
DME/diluent ratio by mol. The cycling performance of Li|| NMC811
cells in different LHCEs is compared in Fig. 3E. As we have reported
previously, the SOA electrolyte yields poor cycle life of cells when
paired with thin Li (50 pm), although much longer cycle life was
obtained and reported when it was paired with thick Li (450 pm
or even thicker) (21). With a threshold of 80% capacity retention,
the stable cycle numbers of Li||NMC811 with different LHCEs
have the following order: 300 (LHCE-TFEO) > 262 (LHCE-TTE) >
162 (LHCE-BTFE) > 50 (LHCE-BTFEC) > 40 (SOA electrolyte) >
32 (LHCE-TEEB). For the LHCE-BTFEC, poor cycle life could be
explained mainly by the pseudo-LHCE nature as described in the
above section, which is in a lack of high-concentration clusters and
the presence of free DME solvent molecules in the electrolyte.
Therefore, it behaves similarly to the SOA electrolyte. As for the cell
with LHCE-TFEB, even shorter cycle life than that with the SOA
electrolyte is observed. This behavior can be attributed to the low Li
CE of 95.4%, while the underlying reason could possibly be related
to the highly electron-deficient nature of TFEB, which will be dis-
cussed in more detail later. As for the LHCE-BTFE, LHCE-TTE,
and LHCE-TFEO electrolytes without free DME molecules and
with great Li CEs, Li||[NMC811 cells show significantly improved
cycling performance with a high average cell CE reaching 99.7
and 99.8% over cycling. Electrochemical impedance spectroscopy
(EIS) was carried out to monitor the resistance after 100 cycles.
The Nyquist plots obtained are compared in Fig. 3B. It is clear that
the cells failing quickly (in SOA electrolyte, LHCE-BTFEC, and
LHCE-TFEB) have much stronger resistance to Li* diffusion in
SEI at high frequency, which is likely a result of the high reac-
tivity between Li metal and these electrolytes. Meanwhile,
much smaller resistances are found in the LHCE-BTFE, LHCE-
TTE, and LHCE-TFEOQ, following the order of LHCE-BTFE
~ LHCE-TTE < LHCE-TFEO, consistent with the overpotentials
shown in Fig. 3D.

To further reveal the diluent effect in the Li||[NMCS811 cells,
the cycled LMAs and NMC811 cathodes were collected to seek a
better understanding of the interfacial chemistries, including SEI
on the LMA and CEI on the NMC811 cathode. In recent studies,
various HCEs and LHCEs have been used in LMBs and dem-
onstrated much better LMB stability than conventional electro-
lytes by generating salt-derived SEIs (21-23). Nevertheless, little
attention has been paid to the role of the diluent. Here X-ray
photoelectron spectroscopy (XPS) analysis was performed to
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Fig. 2. SEM images of deposited Li morphologies in the (A) SOA electrolyte and LHCEs with (B) BTFE, (C) TTE, (D) BTFEC, (E) TFEB, and (F) TFEO as diluent.

characterize the compositions of SEIs formed in LHCEs with
different diluents.

Fig. 44 summarizes elemental distributions at different depths
in the SEIs, and Fig. 4 B-E show C 1s, S 2p, N 1s, and F 1s
spectra as representatives for detailed composition analysis. Five
significant trends are identified in Fig. 4. 1) In all LHCEs, the
SEIs have high contents of inorganic species derived from salt, as
indicated by the high contents of Li, O, and/or F elements. In
LHCE:s with diluents of TTE and TFEO, Li and O constitute an
atomic ratio of more than 80%. The BTFE-LHCE has Li and O
combined at about 60% and F at about 20%, while much more
Li and F are found in BTFEC-LHCE (70%) and TFEB-LHCE
(40%) together with around 20% O. Fig. 4 C-E for S 2p, N 1s,
and F 1s demonstrate the decomposition of LiFSI; partial LiFSI
is almost completely reduced in LHCEs with TTE and TFEO
due to the higher intensity of $>~ and S,>~ species. 2) As indi-
cated by the C atomic ratio and C 1s spectra, solvent/diluent
molecules are still involved in the SEI formation, although SEIs
are mainly derived from the LiFSI in these LHCEs. BTFEC-
LHCE has the highest C atomic ratio (20%) among the five
different diluent-based LHCE:s. It suggests the most severe sol-
vent/diluent decomposition in this electrolyte, which agrees with
the PDOS results obtained in AIMD simulation, as mentioned in
an earlier section. It can be strongly related to the pseudo-LHCE
nature of BTFEC-LHCE. 3) An additional peak at 293 eV (CF3)
in LHCEs with BTFEC and TFEB also proves that diluents
BTFEC and TFEB have strong interactions with the LMA. The
B content (5%) in TFEB-LHCE further confirms that TFEB
takes part in the SEI formation. 4) The transition metal Ni is
found on the Li surface after cycling in the TFEB-LHCE, indi-
cating the TFEB-LHCE is highly reactive with the cathode as
well, which leads to a transition metal dissolution and migration
to the LMA. This will be further discussed in the next section on
cathode analysis. 5) According to the atomic ratio distribution at
different depths shown in Fig. 44, LHCEs with TTE and TFEO
have the most uniform elemental distribution along the thickness
of the SEI, suggesting very uniform SEIs in these two electro-
lytes. We can conclude that varied degrees of reactivity between
diluent and LMA exist in LHCEs with different diluents, and
homogeneous Li,O,-rich SEIs in LHCEs with TTE and TFEO
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are favorable for LMA stability and result in high CE (Fig. 34)
and long cycling in Li||[NMCS811 cells (Fig. 3E).

In addition, the diluent selection is also closely related to the
reactions between the electrolyte and the active cathode. To
elucidate the interfacial reactions, XPS was also used to char-
acterize the CEIs on NMCS811 cathodes after 100 cycles. Fig. 54
shows the atomic ratios of the elements found on cathodes cy-
cled in different LHCESs, and their regional spectra are shown in
Fig. 5 B-E. Three major points can be summarized as follows. 1)
In four LHCEs with BTFE, BTFEC, TTE, and TFEO as diluent,
LiF is dominant in the CEIs, as demonstrated by the high Li and
F contents as well as the Fls peak at 685 eV (Fig. 5E). 2)
Considering S 2p (Fig. 5C) and N 1s (Fig. 5D) spectra with much
higher intensity of NSO,F, in LHCEs with BTFE, TTE, and
TFEO, more LiFSI decomposition takes place in these LHCEs
and helps form LiF in these electrolytes. On the other hand, LiF
generation in BTFEC-LHCE is mainly derived from the de-
composition of BTFEC, as suggested by the limited LiFSI de-
composition in this electrolyte. 3) Severe TFEB decomposition
occurs in the TFEB-LHCE as evidenced by the very high content
of C (40 to 50%) and B (30 to 10%) from surface to bottom of
the CEI as shown in Fig. 54.

The cycled cathodes were also characterized by annular bright-
field scanning transmission electron microscopy (ABF-STEM)
and high-angle annular dark-field (HAADF)-STEM to study the
cathode structures and the morphology of CEIs formed in dif-
ferent LHCEs. As shown in Fig. 5 F-O, in the BTFE-LHCE, a
CEI layer thinner than 2 nm covers the NMCS811 (Fig. 5F), and
the surface of the cathode particle developed a cation-mixing
phase structure with a thickness around 2 nm (Fig. 5K). This
phase transformation from the initial layered structure (9, 21) is
likely due to corrosion of the electrolyte, and oxygen vacancies
left by interfacial reactions would trigger more Li*/Ni** mixing
in the interlayer (24). Moreover, the oxygen vacancies prefer-
entially diffuse along {104} planes, subsequently facilitating the
cation-mixing phase growth (Fig. 5K) (24). In TTE-LHCE, a
somewhat thicker CEI (3 nm) is observed (Fig. 5G), but a much
thinner cation-mixing layer of 1 nm without bulk corrosion can
be seen in Fig. 5SL. In TFEO-LHCE, an even thicker CEI of 5 nm
is obtained on the NMC cathode, which successfully suppresses
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the cation-mixing phase transition. For these LHCEs, the CEI ~ follows the same order, which is also in good agreement with
thickness and LiF crystallinity follow the order of BTFE < the cell capacity retention trend shown in Fig. 3E. The sig-
TTE < TFEOQ, and the suppression of cation-mixing transformation  nificant amount of LiF found on these cathode primary particles
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supports previous findings about the critical role of LiF in CEI
for effective interfacial protection (9, 21). With the strong pro-
tection of a LiF-rich layer, no apparent transition metal (repre-
sented by Ni) dissolution and transport to the cycled LMA is
observed in these electrolytes (Fig. 44). As for BTFEC-LHCE, a
6- to 8-nm Li*/Ni** mixing layer exists on the NMC811 surface
(Fig. 5M) because of the lack of CEI protection (Fig. 5SH) on the
NMCS11 primary particles. In TFEB-LHCE, an even thicker
layer of 10 to 14 nm phase change is observed (Fig. 5N), suggesting
that severe cathode corrosion occurs. It is probably caused by the
electron-deficient nature of TFEB that accelerates the oxygen re-
lease in Ni-rich NMC and accounts for a fast cathode decay. In
addition to the stable molecular configurations, transient and kinetic
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aspects also play important roles in the interactions between the
electrolyte and electrode, which need further investigation relying on
the development of more advanced in situ technologies.

Conclusion

Different types of fluorinated solvents, including fluorinated ethers
(BTFE and TTE), fluorinated carbonate (BTFEC), fluorinated
borate (TFEB), and fluorinated orthoformate (TFEO), were in-
vestigated as diluents in LHCEs for rechargeable LMBs in this
work. Significant differences were observed in the LHCEs (based
on LiFSI-1.2DME HCE) with these diluents. Among them,
BTFEC coordinates with Li* in a second solvation shell beyond
the first solvation with DME and FSI™, which partially damages

PNAS | 70f9
https://doi.org/10.1073/pnas.2020357118

CHEMISTRY


https://doi.org/10.1073/pnas.2020357118

the high-concentration coordinated clusters in the HCE by
forming a pseudo-LHCE; thus, the favorable features of HCE
are lost in BTFEC-LHCE. LHCE:s with BTFE, TTE, TFEB, and
TFEO maintain the high-concentration salt clusters while the
overall LiFSI concentration decreases in these electrolytes. In
addition to the crucial role of the FSI™ anion in the SEI and CEI
properties in LHCEs, the diluent molecules also make great
contributions to the interfacial chemistries on both the cathode
and the anode. TFEB significantly accelerates oxygen release in
the Ni-rich NMC811 material and causes fast cathode decay be-
cause of its electron-deficient nature. BTFE-, TTE-, and TFEO-
based LHCEs demonstrated high Li CEs of 99.4, 99.5, and 99.5%,
respectively. For these three LHCEs, the high-voltage Li| NMCS811
cell performance was determined by the CEI chemistries under the
testing conditions. The capacity retention of Li||[NMC811 with the
tested LHCEs follows the order of TFEO-LHCE > TTE-LHCE >
BTFE-LHCE > BTFEC-LHCE > SOA electrolyte > TFEB-LHCE.
This work provides insight for designing LHCESs and highlights the
selection rules for diluents to achieve stable cycling of high-
voltage LMBs.

Materials and Methods

Materials. Battery-grade LiFSI was received from Nippon Shokubai and was
used after vacuum drying at 120 °C for 24 h. DME (battery grade) was
purchased from Gotion, Inc., and used as received. BTFE, TTE, BTFEC, TFEB,
and TFEO were purchased from SynQuest Laboratories and were dried with
preactivated molecular sieves before use. Electrolytes were prepared by
dissolving LiFSI in DME solvent and then mixing with the diluents at desired
ratios. Cathode material, Ni-rich NMC811, was purchased from Targray.
Cathode laminate with an areal capacity loading of about 1.5 mAh cm~2 was
prepared by coating Al foil with a cathode slurry containing 96% NMC811
material, 2% conductive carbon (C-NERGY Super P C65), and 2% PVDF
binder (Kureha L#1120) in N,N-dimethylpyrrolidinone. Cathode disks were
punched with a diameter of 1.27 cm. The LMA was Li (50 pm) on Cu foil
ordered from China Energy Lithium Co., Ltd.

Electrochemical Tests. For Li CE tests, Li||Cu cells were assembled inside an
argon-filled glovebox (MBraun, H,O < 1 ppm, O, < 1 ppm). Li foil, poly-
ethylene (PE) separator (Asahi Kasei), and Cu foil were sandwiched together
in CR2032-type (MTI) cells and sealed with 75 pL electrolyte. The Li CE was
tested using the CE protocol (method 3 with Qr of 5 mAh cm™2, Qc of 1
mAh cm~2, and n of 10) reported in the previous work (25). Li||Cu cells were
also used for Li deposition, with 1 mAh cm™2 Li deposited on Cu at a current
of 0.5 mA cm™2, and Li on Cu foil was collected for morphology examination.
The Li|[NMC811 cells were assembled in the same way but replacing the Cu
foil with an NMC811 cathode disk, and an Al-clad cathode case was used to
avoid stainless steel corrosion at high voltages. Another Al foil with a di-
ameter of 1.9 cm was placed between the cathode disk and the Al-clad case
for further protection. The cells were charged/discharged in a voltage win-
dow of 2.8 to 4.4 V on Land battery testers (Wuhan Land) at 25 °C and at (/3
rate (a constant-voltage charge at 4.4 V was applied after the cell was
charged to 4.4 V until the current reached C/20 or the time reached 1 h) after
two formation cycles at C/10. EIS measurements were carried out on
Li||[NMC811 cells to monitor the resistance after 100 cycles. AC impedance
spectra were recorded in potentiostatic mode on a CHI 660 electrochemical
workstation in a frequency range of 100 kHz to 10 mHz with a 5-mV per-
turbation at 25 °C and at the open circuit voltage at 0% state of charge.
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Characterizations. The electrolyte viscosity (n) was measured on a Brookfield
DV-lI+ Pro Viscometer at 25 °C (20). The ionic conductivity of the electrolytes
was measured with a fully integrated multichannel conductivity spectrom-
eter (Bio-Logic MCS10) (21). For postmortem analyses, the cycled cells were
disassembled inside the argon-filled glovebox to collect cycled electrodes.
The electrodes were then rinsed with DME solvent to remove residual
electrolytes, dried under vacuum, and transferred in airtight vessels for XPS,
SEM, and STEM measurements. The XPS measurements were conducted on a
Physical Electronics Quantera scanning X-ray microprobe with a focused
monochromatic Al K, X-ray source (21). For depth profiling, the samples
were sputtered with argon ions at 2 kV, 0.5 mA, and 45° incident angle, and
the sputter rates were based on the sputter rate calibrated from a known
thickness of SiO,, which was 6.1 nm min~" (21). The STEM samples were
prepared on an FEI Helios Dual Beam system. An ~2 um Pt layer was coated
on a targeted particle that was selected randomly from cycled NMC811 for
the lift-out process and was then extracted along with the capping layers
and welded to the TEM grid (24). The thinning processes were conducted at
30 kV, followed by a 5 kV and then a 2 kV Ga-ion beam to polish the surface
and remove the damaged layers (24). The as-prepared sample was then
characterized on a JEOL JEM-ARM200CF spherical aberration-corrected mi-
croscope with the convergence angle at 20.6 mrad for imaging; the signals
at 90 to 370 mrad were collected for HAADF-STEM, and the ones at 10 to 23
mrad were collected for ABF-STEM imaging (24).

AIMD Simulation. AIMD simulations were performed using the Vienna Ab
initio Simulation Package. Electron—ion interactions were described by the
projector-augmented wave pseudopotentials (26) with a cutoff energy of
400 eV. The exchange-correlation functional was represented using the
Perdew—Burke—Ernzerhof generalized gradient approximation. An
exchange-correlation functional with a Gaussian smearing width term of
0.05 eV was used. The convergence criteria for electronic self-consistent it-
eration was set to 1 x 107> eV. The effects of various diluents in LHCEs were
investigated in the canonical ensemble. The initial densities of these systems
and their molar ratios are listed in Table 1. The temperature of the AIMD
simulation systems was kept constant using the Nosé thermostat method
with a Nosé-mass parameter of 0.1 at 298 K. The initial structure of each
LiFSI-DME-diluent system was set up by randomly placing numbers of LiFSI,
DME, and diluent molecules based on experimental densities and molar
ratios. These initial geometry structures were first optimized with classical
molecular dynamics using the all-atom optimized potentials for liquid sim-
ulations (OPLS-AA) force field (27). Then the systems were preequilibrated
for 5 ps by AIMD. Finally, product simulations of 10 ps were carried out with
a time step of 1 fs. The PDOS were calculated and averaged over 10 different
configurations (extracted from MD simulation snapshots) to represent an
ensemble average of the PDOS. A Monkhorst-Pack k-point mesh grid scheme
was used with dimensions of 2 nm x 2 nm x 2 nm.

Data Availability. All study data are included in the article and S/ Appendix.
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